cruciata. Flow cytometry revealed that polyploidization occurred, and probably it took place at the early stage of post-fusion culture. In consequence, gradual elimination of nuclear DNA, mixoploidy, and high genetic instability were observed in most hybrid plants and calli during the subsequent 4 years of in vitro culture.
Introduction
Somatic hybridization by protoplast fusion offers several possibilities for increasing genetic variability in higher plants. It is used to overcome sexual incompatibility between species and may lead to the production of novel genetic combinations as a consequence of recombination within either nuclear or cytoplasmic genomes. In a breeding program, somatic cell fusion is usually used for Abstract Somatic hybridization by protoplast fusion is used in breeding programs to obtain plant material that has inherited valuable traits from two different species, and in order to broaden plant genetic diversity. Somatic hybrids of the genus Gentiana could provide a useful source of new ornamental cultivars and of secondary metabolites. However, in order to evaluate its further usefulness, detailed characterization of the newly created hybrid is essential. Here, genome composition and stability of interspecific gentian somatic hybrids obtained following electrofusion of cell suspension-derived protoplasts of diploid Gentiana kurroo Royle with leaf mesophyll-derived protoplasts of tetraploid G. cruciata L. were characterized using various molecular markers and flow cytometry. AFLP and ISSR analyses revealed that all 21 hybrid plants and 3 lines of hybrid callus were genetically closer to G. cruciata than to G. kurroo. According to the results of chloroplast DNA analysis with the use of CAPS markers, all somatic hybrids inherited chloroplasts from "mesophyll" fusion partner G.
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transferring of polygenic traits and those encoded by organellar genomes (Waara and Glimelius 1995) . In the family Gentianaceae, which contains many valuable medicinal and ornamental species, somatic hybrids representing different nucleocytoplasmic combinations would be very useful as new horticultural cultivars and as a valuable source of secondary metabolites (Wang et al. 2011; Tomiczak et al. 2015b) .
In contrast to sexual hybridization, following protoplast fusion, all nuclear and cytoplasmic DNA from both parents are united in one individual. However, regeneration of plants from fused protoplasts is often accompanied by polyploidization and/or the elimination of genome parts of either one or both fusion parents (Babiychuk et al. 1992; Oberwalder et al. 1998; Mizuhiro et al. 2001; Guo et al. 2010) . Thus, detailed investigation is needed, not only to confirm the hybrid status of regenerants, but also to characterize precisely their genome size and composition, which is essential for their further efficient exploitation (SmydaDajmund et al. 2016) .
For over 20 years, we have studied the morphogenic abilities of various gentian species in vitro, aimed at conserving and broadening their genetic diversity (Mikuła et al. 1996 (Mikuła et al. , 2011 Mikuła and Rybczyński 2001; Fiuk and Rybczyński 2008; Tomiczak et al. 2016) . The results of our experiments revealed the tremendous embryogenic potential possessed by Gentiana kurroo Royle. This species is an endangered medicinal herb from western and northwestern Himalaya, which has been overexploited in its natural habitats owing to the extensive collection of its leaves, roots, rhizomes, and flower heads, which are highly valued in traditional Indian medicine (Latif et al. 2006; Behera and Raina 2012; Baba and Malik 2014) . The embryogenic potential of G. kurroo is particularly obvious in cell suspension cultures (Fiuk and Rybczyński 2008) and in cultures of cell suspension-derived protoplasts (Fiuk and Rybczyński 2007) , which provide the basis for successful cryopreservation of this species (Mikuła et al. 2011a, b) , its genetic transformation (Wójcik and Rybczyński 2015) , and its somatic hybridization (Tomiczak et al. 2015b) .
In order to determine whether protoplast fusion is a feasible tool for extending the genetic diversity of Gentianaceae, we conducted 28 independent experiments on protoplast fusion between cell suspension-derived protoplasts of G. kurroo and leaf mesophyll-derived protoplasts of Gentiana cruciata L. and Gentiana tibetica King. The last two are tetraploid species of medicinal and ornamental importance (Köhlein 1991) that are easy to cultivate. Although the results of studies conducted so far have indicated, that G. cruciata is recalcitrant in cultures of leaf mesophyllderived protoplasts (Tomiczak et al. 2016) , we managed to obtain three somatic hybrid callus lines following electrofusion of their protoplasts with those isolated from cotyledon-derived cell suspension of G. kurroo and thereby, regenerated a total of 87 plants via somatic embryogenesis from two of these (Tomiczak et al. 2015b) . The aim of the work presented here was to characterize the genomic composition and genetic stability of selected somatic hybrids between G. kurroo and G. cruciata.
Material and method

Plant material
Interspecific somatic hybrids between G. kurroo Royle and G. cruciata L., namely three lines of callus (F12A, F12B, and F12C) and a total of 23 plants regenerated via somatic embryogenesis from the first two callus lines (12 regenerants from callus F12A, and 11 regenerants from callus F12B) were used in the experiments (Fig. 1) . All calli and plants were obtained following electrofusion of protoplasts isolated from 4-year-old highly embryogenic and cytogenetically stable cotyledon-derived cell suspension culture (K/C) of diploid G. kurroo (2n = 2x = 26; Fiuk and Rybczyński 2007) and protoplasts released from leaf mesophyll of in vitro-grown plants of tetraploid G. cruciata (2n = 4x = 52; Tomiczak et al. 2016) . Their hybrid nature was previously confirmed (Tomiczak et al. 2015b ). All somatic hybrid plants were cultured in glass jars on MS medium (Murashige and Skoog 1962) supplemented with 0.5 mg l −1 BAP, 0.1 mg l −1 NAA, 30 g l −1 sucrose, and 8 g l −1 agar, and maintained in a phytotron at 21 ± 1 °C with 16-h illumination of 100 μM m −2 s −1 provided by daylight fluorescent tubes. Plants were subcultured to new medium every 4-6 months.
Three hybrid callus lines, each derived from independent fusion event, were divided after a 2-month-long period of proliferation and cultured simultaneously in darkness at 21 ± 1 °C, on Petri dishes with MS medium containing 30 g l −1 sucrose, 8 g l −1 agar, and appropriate plant growth regulators. Callus clones marked K 1 were cultured on medium supplemented with 0.5 mg l −1 2,4-D and 1.0 mg l −1 kinetin; clones marked K 2 were kept on medium containing 2.0 mg l −1 NAA and 0.2 mg l −1 TDZ; whereas clones marked K 3 were grown on medium with the addition of 1.0 mg l −1 dicamba, 0.1 mg l −1 NAA, 2.0 mg l −1 BAP, and 80 mg l −1 adenine sulfate. All calli were subcultured to new medium every 2-3 months.
Fusion partners, i.e. embryogenic cell suspension of G. kurroo and seed-derived in vitro-grown plants of G. kurroo and G. cruciata constituted the reference plant material in all experiments. Cell suspension of G. kurroo was cultured in 250-ml conical flask with 80 ml liquid MS medium containing 30 g l sucrose and 8 g l −1 agar, and maintained under the same conditions as hybrid plants.
DNA extraction
Total genomic DNA for all molecular analysis was extracted from six tissue samples of cell suspension of G. kurroo, leaves of 6 parental plants of G. cruciata, three lines of hybrid callus (clones K 1 , K 2 and K 3 ), 11 hybrid plants regenerated from callus F12A and ten plants regenerated from callus F12B (Fig. 1) using DNeasy Plant Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. The quantity of DNA was determined by means of a NanoDrop 3300 Fluorospectrometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). The quality of DNA was assessed on 1.0% agarose gel.
AFLP and ISSR analysis
AFLP analysis was performed according to Vos et al. (1995) with minor modifications. DNA digestion with EcoRI and MseI restriction enzymes was followed by adaptors ligation and pre-selective PCR reaction. For selective PCR reaction, ten primer combinations were used (Table 1) . Products of amplification were analyzed on 6% polyacrylamide gels and visualized by autoradiography.
For ISSR analysis, ten primers of 17 tested, producing clear and reproducible banding patterns, were selected (Table 2) . PCR amplifications were performed in a volume of 10 µl 1× Complete NH 4 Reaction Buffer containing 2.5 mM MgCl 2 (BIORON GmbH, Ludwigshafen, Germany), 0.2 mM dNTPs, 1.0 µM of primer, 0.5 U SuperHotTaq DNA polymerase (BIORON GmbH, Ludwigshafen, Germany), and 20 ng of template DNA. Initial denaturation at 94 °C for 4 min, was followed by 35 cycles of 1 min denaturation at 94 °C, 30 s annealing at 52-59 °C (depending on the primer) and 1 min 30 s extension at 72 °C, ending in 10 min final extension at 72 °C. The amplified products were separated on a 1.4% (m/v) agarose gel, and bands were detected by ethidium bromide staining. 
DNA fingerprinting analysis
The AFLP and ISSR patterns were recorded as 0-1 binary matrices, where "1" indicated the presence and "0" the absence of a given fragment. Measures of genetic uniformity among regenerants and callus samples were determined using the Jaccard similarity coefficient. Excel add-in software XlStat v.2009.2.01 was used to draw the dendrograms (UPGMA, Jaccard). In order to determine the nuclear genome composition of G. kurroo (+) G. cruciata somatic hybrids, preserved, deleted, and unique markers were described. Preserved markers were markers present in G. kurroo or G. cruciata parental genome and present also in somatic hybrid genome. Deleted markers were present in one of the parental forms, but absent in the somatic hybrid genome. Unique markers were those absent in G. kurroo and G. cruciata parental genome, but present in the genome of the somatic hybrid.
cpDNA analysis with CAPS markers
In order to detect polymorphism between the chloroplast genomes of the fusion partners and to analyze the inheritance of chloroplasts by somatic hybrids, PCR amplification of cpDNA regions followed by its restriction digestion was used. Two intergenic cpDNA regions (trnS-trnG and atpB-rbcL) were amplified with primer pairs designed using Primer3 software (Rozen and Skaletsky 1999;  (Vincze et al. 2003) . Subsequently, restriction analyses of cpDNA regions of G. kurroo, G. cruciata and their somatic hybrids using in silicoselected endonucleases were performed. A 10 µl aliquots of PCR product was digested with an appropriate endonuclease under the conditions recommended by the manufacturer (New England Biolabs, Ipswich, USA) and separated on 1.8% agarose gels, followed by visualization by staining with ethidium bromide. Restriction endonuclease cleavage patterns generated for somatic hybrids were compared with those of parental species.
Flow cytometry and chromosome counting
Nuclear DNA content was determined in clones K 1 of three hybrid callus lines, ten hybrid plants regenerated from callus F12A and nine plants regenerated from callus F12B (Fig. 1 ). Average nuclear DNA content for G. kurroo and G. cruciata was estimated based on flow cytometric measurements of 24 and 19 seed-derived plants, respectively. Analyses were carried out using Partec CCA flow cytometer according to Tomiczak et al. (2016) . Pisum sativum L. 'Set' (9.11 pg/2C; Sliwinska et al. 2005 ) served as an internal standard for the estimation of the nuclear DNA content of G. kurroo and all somatic hybrids. Since G 0 /G 1 peaks of G. cruciata and P. sativum overlapped each other, Petunia hybrida 'PxPc6' (2.85 pg 2C; Marie and Brown 1993) was used as an internal standard for genome size estimation of G. cruciata. For sample preparation, young, fully developed leaves of plants or callus fragments were used. Data was evaluated using DPAC V.2.2 software (Partec, GmbH, Münster, Germany). The nuclear DNA content was calculated using the linear relationship between the ratio of the G 0 /G 1 peak positions Gentiana/internal standard, on the histogram of fluorescence intensity. Monitoring of the nuclear DNA content of hybrid calli lines and plants was carried out for 4 years. Data obtained after 1-2 and 3-4 years of culture were compared with those obtained within 2 months from callus proliferation/ plant regeneration.
Chromosome numbers were determined for root tips of selected parental and somatic hybrid plants (Fig. 1) following the procedure described by Tomiczak et al. (2016) .
Results
Morphology of somatic hybrid calli and plants and their viability in vitro
All somatic hybrid callus lines were viable for the 4-yearlong period of in vitro culture. Steady cell proliferation was observed on all tested media. Conversely, somatic hybrid plants showed many changes and disturbances in their morphology during prolonged in vitro culture. Soon after regeneration, all plants displayed dwarf stature with short internodes, small, thick, round or oval leaves and failed to develop roots (Fig. 2a) . After several months of culture, differences between selected regenerants and, on occasion, between their clones also became noticeable. While most F12A plants remained underdeveloped and only grew slowly, rapid growth of dark green, wide leaf blades was observed for some F12B plants (Fig. 2b, c) . In the case of other F12B regenerants, long, narrow, and ridged leaves developed (Fig. 2d) . However, only very few somatic hybrids produced roots. Many plants successively turned brown and finally died.
Nuclear DNA composition of somatic hybrids
AFLP and ISSR analysis revealed that all regenerants and calli tissues possessed specific bands from both parents, which indicated their hybrid nature (Figs. 3, 4) . A total of 443 bands was obtained with the use of 10 AFLP selective primer pairs (from 29 to 70 per primer pair), 257 (58.0%) of which were polymorphic (Table 1) . From 397 to 424 bands were identified within electrophoretic patterns of somatic hybrids, of which 58-68 (14.4-16.3%) were specific for G. kurroo, 145-163 (36.4-39.2%)-specific for G. cruciata, and 189-198 (45.7-47 .9%)-common to both parental species. From 4 to 22 bands were recognized as deleted from G. kurroo, which comprised 5.1-27.8% of all bands common with G. kurroo and from 11 to 21 were deleted from G. cruciata which was 6.6-12.6% of bands common with this species (Online Resource 1).
With the use of 10 ISSR primers, a total of 151 bands was obtained (from 5 to 23 per primer pair), 99 (65.6%) of which were polymorphic (Table 2) . From 125 to 132 bands were identified within electrophoretic patterns of somatic hybrids, of which 24-29 (19-22.1%) were specific for G. kurroo, 47-48 (34.4-37.5%)-specific for G. cruciata and 189-198 (45.7-47.9%)-common to both parental species. Some hybrids also possessed 1 or 2 unique, individual bands, which were not observed in ISSR profiles of parental species. From 11 to 16 bands were recognized as deleted from G. kurroo, which comprised 27.5-40.0% of all bands common with G. kurroo. Also, from 5 to 9 bands were deleted from G. cruciata which was 9.4-17.0% of bands common with this species (Online Resource 2).
Combination of AFLP and ISSR data resulted in the recognition of a total of 594 bands, of which 518-544 were present in electrophoretic patterns of somatic hybrids. From 189 to 211 bands were inherited by hybrids from G. cruciata, which comprised 85.9-95.9% of all G. cruciata bands. From 17 to 29 (7.7-13.2%) bands common with this species were deleted. Consequently, 83-97 (69.7-81.5%) bands were preserved from G. kurroo and 19-35 (16.0-29.4%) were deleted (Fig. 5) .
UPGMA dendrograms constructed on the basis of AFLP and ISSR analyses showed that Jaccard similarity coefficient for parental species was 0.58 and 0.52, respectively (Online Resources 3, 4). Both molecular markers revealed that all somatic hybrids were closer to G. cruciata than to G. kurroo. Furthermore, the similarity coefficient calculated for the whole group of somatic hybrids on the basis of both marker systems was comparable, comprising from 0.93 to 0.99 for AFLP and 0.93-1.0 for ISSR. However, hybrids were clustered differently: four and three clusters could be distinguished on the AFLP and ISSR dendrograms, respectively. A dendrogram based on combined AFLP and ISSR data gave a similarity coefficient of 0.56 for parental species. Particular somatic hybrids were clustered as follows: first cluster consisted of all F12B plants and all F12B and F12C calli; secondly-three lines of F12A callus; thirdly-most F12A plants; and fourthlyonly the F12A-10 individual (Fig. 6) .
Inheritance of chloroplast DNA
Amplification and sequencing of two cpDNA regions were successful for both Gentiana species (Table 3) . BLAST analysis of trnS-trnG region sequences revealed two SNPs and one insertion/deletion polymorphism of a single Orange arrows indicate bands specific for "cell suspension" fusion partner; green arrows indicate bands specific for "mesophyll" fusion partner. (Color figure online) nucleotide. According to NEB cutter software, one of the SNPs created an additional restriction site for endonuclease BfaI in a sequence of G. cruciata. Restriction analysis of trnS-trnG amplicons with BfaI resulted in the generation of two 235 bp-long fragments for G. kurroo and 3 fragments some 235, 145 and 90 bp in length for G. cruciata. All somatic hybrid plants and calli exhibited the same restriction pattern as their mesophyll parent, i.e. G. cruciata (Fig. 7) .
Nuclear DNA content and chromosome number
Flow cytometry revealed that G. cruciata possessed 8.07 ± 0.18 pg DNA/2C, and G. kurroo 3.32 ± 0.07 pg DNA/2C. Most somatic hybrids obtained initially from two calli contained 20-23 pg DNA/2C, which is close to or slightly less than twice the total DNA content for both parents (11.39 pg multiplied by 2 would be equal to 22.78 pg; Table 4 ). Only regenerant F12B-2 possessed significantly less, 16.40 pg DNA/2C. Even so, it was still much more than just the total for both parental species. In two regenerants, F12A-15 and F12B-1, an additional small fraction of nuclei containing much less than 20 pg DNA (15.26 and 12.39 pg, respectively) was detected, speaking for their mixoploidy. By contrast, in another mixoploid, F12B-5, most of the nuclei contained about 15 pg, although in some DNA content exceeded 20 pg.
After about 2 years of culture, essential reduction in nuclear DNA content was observed in most somatic hybrid plants and in the calli F12A-K 1 and F12C-K 1 (Table 4) . Only in one of these, F12A-8, however, was it equal to the total of both parental genomes, and in others 
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it varied from 12.5 pg to 22 pg/2C. Of the 24 regenerants, seven were mixoploid, amongst which only one (F12A-36) possessed predominantly nuclei exceeding 20 pg/2C. Three of the hybrids maintained DNA content of about 22 pg, all of them originated from callus F12B.
Following another 2 years of culture, there was further reduction in the DNA content of four regenerants (F12A-36, F12A-K 1 , F12B-3, F12B-4), and of the callus F12B-K 1 . Only one hybrid (F12B-3) expressed mixoploidy, having a small fraction of nuclei possessing DNA content similar to that detected 2 years earlier; downsizing of genome was evident for most nuclei. Chromosome counting confirmed that parental species, G. kurroo and G. cruciata, had 26 and 52 chromosomes, respectively (Fig. 8a, b) . However, since only a few somatic hybrid plants developed root systems, chromosome number was scored for regenerant F12A-10 in root-tip cells only after 2 years of tissue culture, and this possessed 78 chromosomes (Fig. 8c) whereas cells of regenerant F12A-49 contained about 82-84 chromosomes (Fig. 8d) .
Discussion
Somatic hybridization involving fusion of protoplasts isolated from different species, and subsequent plant regeneration from heterokaryons produced, enables one not only to evade the barriers to crossing, but also to create novel, unique combinations of nuclear and cytoplasmic genomes displaying various levels of symmetry/asymmetry and similarity to parental species. The inability to control such interactions between parental nuclear and organellar genomes, and the frequency of genetic instability, however, necessitates the detailed description of the resultant somatic hybrids. Methods for characterizing regenerated somatic hybrid lines include morphological evaluation, cytological and cytogenetic analysis and molecular characterization by DNA markers ).
Nuclear genome composition of somatic hybrids and their genetic similarity to parental species evaluated with the use of AFLP and ISSR markers Different molecular markers, especially those based on PCR reaction, have been used for the identification and evaluation of somatic hybrids. These markers include the most popular, namely, RAPD (Xu et al. 1993; De Filippis et al. 1996; Szczerbakowa et al. 2003; Guan et al. 2010) , microsatellites SSRs (Fu et al. 2003; Cappelle et al. 2007; Dambier et al. 2011) , AFLP (Brewer et al. 1999; Guo et al. 2002; Fu et al. 2004; Tu et al. 2008) , ISSR (Scarano et al. 2002; Trabelsi et al. 2005; Xiao et al. 2009 ) and, more recently, DArT markers (Smyda-Dajmund et al. 2016 ).
Since various DNA molecular markers target different regions of the genome, the use of more than one molecular technique is recommended so as to exploit as many sources of polymorphism as possible (Palombi and Damiano 2002; Bolibok et al. 2005; Velasco-Ramírez et al. 2014) . AFLP allows the generation of a large number of fragments without prior sequence information and the rapid detection of polymorphism (Agarwal et al. 2008; Meudt and Clarke 2007) . In the case of Gentiana somatic hybrids, ten AFLP primer pairs generated three times more markers than did ten ISSR primers. However, ISSR is still widely used because of its simplicity and higher reproducibility than RAPD (Pradeep Reddy et al. 2002) . Furthermore, it revealed higher percentage of polymorphism than did AFLP.
Molecular analysis using both marker systems revealed that all somatic hybrids are genetically closer to G. cruciata. On the one hand this may be a consequence of G. cruciata tetraploidy. The symmetric hybrid would therefore possess two genomes/sets of chromosomes of G. kurroo (2n = 2x = 26; 2C = 3.32 pg) and four of G. cruciata (2n = 4x = 52; 2C = 8.07 pg). This was reflected in the total number of specific bands obtained for both parental species, since combination of AFLP and ISSR techniques generated a total of 220 specific bands for G. cruciata, but only 119 for G. kurroo.
Another factor that affects the final composition of interspecific somatic hybrids is the elimination of nuclear DNA/chromosomes. None of the G. kurroo (+) G. cruciata somatic hybrids studied here possessed a total number of AFLP and ISSR markers equivalent to the sum of parental species markers, thus indicating that spontaneous partial elimination of parental DNA had occurred. This elimination affected the DNA of G. kurroo to a greater degree since a greater percentage of its specific markers was deleted from hybrid genetic material. It is thought that the elimination of nuclear DNA in hybrids may be influenced by genetic similarity between parental species and their ploidy and genome size. In hybrids of closely related species, the co-existence of both parental genomes in a nucleus is more likely, and elimination is random. However, in the case of distantly related species, the elimination of parental DNA is biased (Sundberg and Glimelius 1991; Wang et al. 2008) . With regard to the effect of ploidy/genome size, it was shown that preferential elimination of chromosomes was a feature of species with lower ploidy (Sundberg and Glimelius 1991) . Both G. kurroo and G. cruciata belong to the same section Cruciata, and therefore, their genetic similarity should be high. Thus, the preferential elimination of G. kurroo DNA sequences observed in this present study may be the result of its lower ploidy.
Chloroplasts inheritance by Gentiana somatic hybrids
Of the relative small numbers of methods that enable study of chloroplast inheritance in somatic hybrids, CAPS markers, also known as PCR-RFLP, have attained the greatest popularity in the past 15 years (Bastia et al. 2001; Guo et al. 2002; Yamashita et al. 2002) . Moreover, cpSSR, if available for species used in fusion experiments, are enthusiastically used (Wang et al. 2008; Fatta Del Bosco et al. 2017) .
For this study, the CAPS marker was developed as an easy and quick method for distinguish between the cpDNA of G. kurroo and of G. cruciata, and for further analysis of their somatic hybrids. Amplification of trnS-trnG region, followed by restriction digestion with BfaI allowed us to confirm that all hybrids possessed chloroplasts obtained from "mesophyll" fusion partner G. cruciata.
Rapid chloroplast segregation i.e. elimination of chloroplasts inherited from one of the fusion partners in hybrid cells was observed in most somatic hybrids (Walters and Earle 1993) . Again, this process can be either random (Scowcroft and Larkin 1981; Lössl et al. 1994; Escalante et al. 1998) or biased (Levi et al. 1988; Bonnema et al. 1992; Buiteveld et al. 1998) , whereas the co-existence of chloroplasts from both parental species is very rare (Mohapatra et al. 1998; Moreira et al. 2000) . Several factors have been proposed to influence biased chloroplast transmission, along with their possible modus operandi (Rose et al. 1990 and references therein). None of these, however, are completely understood (Walters and Earle 1993) . One proposed factors is the type of source cell for protoplasts, leaf mesophyll protoplasts being slightly more effective at transmitting chloroplasts. Li and Sink (1992) showed that Lycopersicon esculentum (+) Solanum lycopersicoides hybrids possessed chloroplasts from the species that was the source of mesophyll protoplasts. A similar relationship was observed in all G. kurroo (+) G. cruciata somatic hybrids. However, it should be pointed out, that in other combinations of parental species, cpDNA inheritance can be quite different. For example, it was shown that Allium ampeloprasum (+) A. cepa and A. cepa (+) A. sativum hybrids usually inherited plastids from the parental species that was the donor of callus-or cell suspensionderived protoplasts (Buiteveld et al. 1998; Yamashita et al. 2002) .
Segregation of chloroplasts may also be affected by genetic similarity and differences in the ploidy level between parental species. It was found that for Brassicaceae the more closely related the fusion partners were, the more random was chloroplast segregation, and chloroplasts from the species, of which genetic material predominated in the nucleus, were favored (Sundberg and Glimelius 1991) . Similarly, the plastids in hybrid calli of Solanum tuberosum (+) Nicotiana plumbaginifolia were contributed by the species that predominated in the nucleus (Wolters et al. 1993) . Probably, the genetic divergence between the parental species might, through incompatibility reactions between nuclei and chloroplasts, influence the segregation of chloroplasts. Furthermore, the eliminated chloroplasts were usually derived from the parent of lower ploidy (Sundberg and Glimelius 1991) . In general, higher ploidy is accompanied by greater cell volume and a greater number of plastids (Butterfass 1979) . As a result, an unequal number of plastids may be donated following fusion to the heterokaryon by parental protoplasts of different ploidy.
The fact that in G. kurroo (+) G. cruciata somatic hybrids chloroplasts were derived from tetraploid G. cruciata, of which DNA predominated in the hybrid nucleus, and not from diploid G. kurroo, supports the hypothesis for the unequal input of organelles by protoplasts of differing ploidy and for the occurrence of nucleo-cytoplasmic incompatibility-another plausible explanations of biased chloroplast inheritance.
Nuclear DNA content and chromosome number and its influence on hybrid morphology
Genome rearrangements accompanying sexual hybridization and formation of allopolyploids have been repeatedly described in detail (Comai 2000; Ma and Gustafson 2005; Gao et al. 2011 ). It seems obvious that similar mechanisms must occur during somatic hybridization, but that they can be intensified by specific conditions of protoplast isolation, pretreatment and fusion, as well as further in vitro culture and, especially, a long-term callus phase, which often precedes plant regeneration. As a result, variation in nuclear DNA content and various chromosomal abnormalities have been observed in many somatic hybrids, including those of Gentiana studied here.
Increase in the DNA content was observed in somatic hybrids of Solanum brevidens (+) S. tuberosum (Puite and Schaart 1993) , Primula malacoides (+) P. obconica (Mizuhiro et al. 2001) , and Diospyros glandulosa (+) D. kaki (Tamura et al. 1998) . It was suggested that chromosome doubling occurred during callus proliferation. All the G. kurroo (+) G. cruciata somatic hybrid plants and calli obtained here initially possessed nuclear DNA content greater than the sum of parental DNA content, the majority of plants containing about 20-22 pg DNA, which is close to or slightly less than the doubled sum of the parental DNA contents. This could be due to either genome duplication at the early stage of post-fusion cell culture or fusion of four protoplasts. However, taking into consideration the tendency of gentian protoplast-derived cells to undergo spontaneous polyploidization (Fiuk and Rybczyński 2007; Tomiczak et al. 2015a Tomiczak et al. , 2016 , the first hypothesis seems more likely. Those highly polyploid forms appeared to be very unstable during the next years of in vitro culture, leading to downsizing of the genome.
Many have reported chromosome loss, mixoploidy and a gradual reduction in DNA content in various somatic hybrids (Fehér et al. 1992; Babiychuk et al. 1992; Oberwalder et al. 1998; . Some hybrid lines of P. malacoides (+) P. obconica showed a decrease in DNA content during the plant regeneration process (Mizuhiro et al. 2001 ). More recently, Guo et al. (2010) reported that somatic hybrids between S. tuberosum and S. chacoense underwent gradual DNA elimination during 3 years of in vitro culture. This phenomenon was most evident when hybrids had an initial DNA content greater than the sum of parental species DNA, or they were aneuploids and mixoploids. The most stable Solanum hybrids were those of ploidy level equal to the sum of parental ploidy. A similar reduction in the nuclear DNA content and temporary mixoploidy were observed in gentian somatic hybrid plants within 4 years from regeneration. Only three somatic hybrids maintained DNA content of about 20 pg/2C at the end of the experiment, and the remainder possessed genomes of various sizes, ranging from 11.3 to 17.5 pg. At that time, only in a very few of them was the genome of the same size as 2 years previously, which suggested that the process of DNA/chromosome elimination was still ongoing. Only in one of the hybrids, F12A-8, had the genome, after 1 year of culture, stabilized, reaching the size that of hexaploid hybrid G. kurroo (+) G. cruciata (11.3 pg). Chromosome numbers were also estimated for two rooted hybrids to be equal to or slightly greater than the sum of parental chromosome numbers.
Genetic instability and aneuploidy are nearly always associated with sterility and morphological abnormalities (Karp et al. 1989) . Somatic hybrids obtained between G. kurroo and G. cruciata exhibited various morphological aberrations. Dwarf stature of hybrid plants and dark green, wrinkled leaves were the most visible symptoms of high polyploidy. Different changes in morphology, growth, and multiplication rate occurred at the same time as DNA elimination. Similar modifications were also observed in somatic hybrids of S. tuberosum (+) S. brevidens (Fehér et al. 1992) . We assert that vigorous growth of hybrids and rooting were associated with at least temporary genome stabilization, whereas slow growth, lack of roots, browning, and finally death, resulted from high genetic instability.
Conclusion
Several methods including flow cytometry, chromosome counting, and molecular analysis of nuclear and chloroplast DNA were used for describing somatic hybrid calli and plants produced by electrofusion between G. kurroo and G. cruciata protoplasts. Cytological and cytometric studies provided much evidence of polyploidy and subsequent gradual genome downsizing. According to molecular data, hybrids were slightly asymmetric with a predominance of G. cruciata nuclear DNA and G. cruciata chloroplasts. 
